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ABSTRACT
The analysis of gamma-ray burst (GRB) spectra with multi-component emission mod-
els has become an important part of the field. In particular, multi-component analysis
where one component is a blackbody representing emission from a photosphere has
enabled both a more detailed understanding of the energy content of the jet as well
as the ability to examine the dynamic structure of the outflow. While the existence
of a blackbody-like component has been shown to be significant and not a byproduct
of background fluctuations, it is very possible that it can be an artifact of spectral
evolution of a single component that is being poorly resolved in time. Herein, this
possibility is tested by simulating a single component evolving in time and then fold-
ing the spectra through the Fermi detector response to generate time-tagged event
Gamma-ray Burst Monitor (GBM) data. We then fit both the time integrated and
resolved generated spectral data with a multi-component model using standard tools.
It is found that in time-integrated spectra, a blackbody can be falsely identified due to
the spectral curvature introduced by the spectral evolution. However, in time-resolved
analysis defined by time bins that can resolve the evolution of the spectra, the sig-
nificance of the falsely identified blackbody is very low. Additionally, the evolution of
the artificial blackbody parameters does not match the recurring behavior that has
been identified in the actual observations. These results reinforce the existence of the
blackbody found in time-resolved analysis of GRBs and stress the point that caution
should be taken when using time-integrated spectral analysis for identifying physical
properties of GRBs.
Key words: (stars:) gamma ray bursts – methods: data analysis – radiation mech-
anisms: thermal
1 INTRODUCTION
Thermal emission from gamma-ray bursts (GRBs) was one
of the earliest predictions when models were first formu-
lated to explain these extreme astrophysical events (Good-
man 1986; Paczynski 1986). In principle, thermal emission
from the jet photosphere of is a natural explanation for the
emission because the GRB jet starts its expansion optically
thick and as it evolves to lower densities the thermal energy
trapped in the flow is released. In certain scenarios, this
energy is in the form of a blackbody (Beloborodov 2010;
Lundman, Pe’er & Ryde 2014). However, once broadband
observations of thousands of GRB prompt γ-ray spectra
were analyzed, it was found that the majority of the spec-
tra were non-thermal (Mazets et al. 1981; Fenimore et al.
1982; Matz, Forrest & Vestrand 1985). There were noted
exceptions having blackbody spectra (Ghirlanda, Celotti &
? E-mail: jamesb@kth.se (JMB)
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Ghisellini 2003; Ryde 2004) while in others at least part of
the spectrum appeared to contain a combination of ther-
mal and non-thermal emission (Ryde 2005; Ryde & Pe’er
2009). Then observations with the Fermi Gamma-ray Tele-
scope confirmed the existence of a blackbody component in
addition to the typically observed Band component (Band,
Matteson & Ford 1993) in several GRBs (Guiriec et al. 2011;
Axelsson et al. 2012; Preece et al. 2014; Burgess et al. 2014;
Iyyani et al. 2013). The existence of the component was
shown to be statistically significant to at least 5σ in some
cases. Additionally, Ghirlanda, Pescalli & Ghisellini (2013)
showed that evidently some GRBs which have a very narrow
and hard spectrum can be well fitted by a blackbody alone
and constitute a very small fraction of all GRBs in line with
earlier observations. Even though pure blackbody spectra
are rare, it is important to note that the existence of such
GRBs confirms the early idea that emission from the photo-
sphere does indeed play a role in shaping GRB spectra. This
strongly motivates the search for blackbody components in
non-thermal appearing GRBs as well.
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The identification of this blackbody component in GRB
spectra is a crucial element in determining the origin, kine-
matics, structure, and emission mechanisms of these events.
For example, it has been shown that measuring the flux of
the thermal and non-thermal components allows determina-
tion of the photospheric radius (rph) and bulk jet Lorentz
factor (Γ) of the GRB jet (Pe’er et al. 2007). The very pres-
ence of the thermal component eliminates many emission
models and constrains the amount of energy that is avail-
able for the acceleration of particles to high-energies via dis-
sipation. It suggests the at least part of the emission site
is in the optically thick region of the flow. Moreover, these
observations are a highlight of the Fermi gamma-ray space
telescope mission and have enabled a greater understanding
of GRBs.
Such an important discovery warrants a deep investiga-
tion into the reliability of the observation. As stated above,
the significance of the thermal component has been tested
(Guiriec et al. 2011; Axelsson et al. 2012, for example) and
hence been shown not to be a an artifact of background fluc-
tuations. Moreover, calibration errors have been ruled out.
However, it is possible that the component could be present
in the spectra as an artifact of the spectral evolution of a
single non-thermal component. Herein, this assumption is
tested by simulating GRB pulses with known spectral evo-
lution of a single Band component. The pulses are fit with
both Band and Band+blackbody models in an attempt to
find a blackbody where one does not actually exist.
2 GENERAL FEATURES OF THE
BLACKBODY COMPONENT
While the detection of a blackbody in GRB spectra has sev-
eral implications for the physics of GRBs in itself, it is also
important to discuss how it alters the typical Band fits.
In general, GRB spectra fit with the Band function have
a low-energy index (α) inconsistent with what is expected
from the simplest synchrotron models (Preece et al. 1998)
(see; however, Daigne, Bosˇnjak & Dubus 2011). When a
blackbody is added to the spectrum below the νFν peak,
it can alter the value of α, possibly making it consistent
with synchrotron. This could be a resolution of the so-called
synchrotron “line-of-death” problem. Additionally, the νFν
peak (Ep) of the Band component can be shifted to higher
energies, when it is fit with a blackbody. This type of behav-
ior has been observed in several Fermi GRBs (Guiriec et al.
2011; Axelsson et al. 2012). These features, along with past
theoretical predictions (Goodman 1986; Paczynski 1986; Be-
loborodov 2010; Lundman, Pe’er & Ryde 2014), strongly
motivate multi-component fitting where one component is a
blackbody.
The evolution of kT has been well documented (Axels-
son et al. 2012; Ryde 2005; Burgess et al. 2014; Iyyani et al.
2013) and shown to universally decay as a broken power
law in single pulses of GRBs (see Figure 1). Apart from the
statistical significance of the blackbody component, such a
universal decay indicates a fundamental property of GRBs,
reflecting the underlying physics. For instance, it has been
argued to be a natural consequence of the relativistically
expanding plasma (Pe’er 2008, see, however Deng & Zhang
(2014)). A full understanding of the physical evolution has
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Figure 1. The evolution of kT of GRB 130427A (Preece et al.
2014). The evolution is characterized by decaying broken power
law in time.
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Figure 2. The evolution of Γ in GRB 130427A (Preece et al.
2014). The Y parameter is the ratio of total fireball energy to
that emitted only in γ-rays.
yet to lead to predictions that can account for these obser-
vations.
Perhaps the most useful and exciting feature of multi-
component fitting with a blackbody is the ability to reveal
the temporal variation of the properties of the jet such as
rph and Γ. Several studies have calculated these outflow pa-
rameters for different GRBs (Preece et al. 2014; Burgess
et al. 2014; Iyyani et al. 2013; Gao & Zhang 2014) and find
common trends for both parameters. As shown in Figures
2 and 3, the photospheric radius is seen to monotonically
increase with time and Γ is observed to decrease with time
(see however Gao & Zhang 2014).When combined with the
high significance of the detection (see Section 4) a theme
begins to form that makes the detection of the blackbody
very reasonable.
There are, however; reasons to question fits with a
blackbody. On theoretical grounds, the blackbody should
not appear with the simple form
Fν (ε) ∝ ε3 1
exp
(
ε
kT
)
− 1 (1)
used in the above mentioned works. For instance, Pe’er &
Ryde (2011) argue that the blackbody should appear as
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Figure 3. The evolution rph in GRB 130427A (Preece et al.
2014).
broadened or “multi-colored” by geometric and relativistic
effects due to the jet shape and high bulk Lorentz factors
assumed as properties of GRBs. The fact that pure black-
bodies have been observed (Ryde 2004; Ghirlanda, Pescalli
& Ghisellini 2013) places serious constraints on the dynam-
ics of the GRB jet as argued by Beloborodov (2011). For
example, an unbroadened blackbody can only be observed
if the photosphere occurs during the acceleration phase of
the jet while it is photon dominated.
Moreover, the flux of the blackbody compared with
the primary non-thermal component also places severe con-
straints on the dynamics. Daigne & Mochkovitch (2002);
Zhang & Yan (2011) argue that introducing magnetization
into the outflow allows for some of the total energy of the
jet to be entrained in a magnetic field, reducing the avail-
able thermal energy. Hence, the intensity of the observed
blackbody would be reduced.
These features and issues, being so constraining on the
models, require the that the existence of the blackbody be
confirmed to a high degree to advance the current under-
standing of GRB outflows. Hence, we investigate the exis-
tence of the blackbody in the context of spectral evolution
of a single Band component.
3 SPECTRAL EVOLUTION SIMULATIONS
Testing for the false identification of a blackbody due to
spectral evolution requires the creation of a set of simulated
GRB pulses with known spectral evolution. The Band func-
tion, a smoothly broken power law with low and high-energy
spectral indices α and β respectively (F (E) ∝ Eα,β), is the
shape of the spectrum to be simulated. This choice is jus-
tified by the fact that the Band function is the commonly
assumed spectral shape and commonly used to fit the spec-
trum in both catalog work and routine analysis (Kaneko
et al. 2006; Goldstein et al. 2012). A more accurate approach
would be to simulate a physical non-thermal emission spec-
trum from a theoretical model evolving in a physical way in
an attempt to see if a blackbody could be reconstructed by
mistake from the observations. Due to the lack of knowledge
about the emission mechanisms occurring in GRBs, any as-
sumption of a non-thermal model or physical model in gen-
eral would not be objective. Therefore, the Band function
serves an acceptable proxy for a single component emission
spectrum.
For simplicity, the spectral evolution that will be simu-
lated is the classic hard-to-soft evolution typically observed
in GRBs (Kargatis 1994; Band 1997). The Band function’s
νFν peak, or Ep, is evolved in time as a monotonically de-
creasing power law with decay index γ (see Equation 2) while
all other parameters except the amplitude are held constant.
Ep (t) = E0(t+ 1)
−γ . (2)
The evolution of Ep is the most pronounced change in the
spectra of observed GRBs over their respective durations.
To give the simulated pulse a GRB-like flux history, the
amplitude is evolved with the KRL pulse shape of Kocevski,
Ryde & Liang (2003). With these parameters, the flux and
spectrum of the simulated pulses are completely defined as
an evolving, single component GRB pulse.
The method of simulation is described in Burgess
(2014). This method affords the ability to map the time
evolving photon spectrum into unbinned Fermi Gamma-
ray Burst Monitor (GBM) (Meegan et al. 2009) time-tagged
event (TTE) data. These data are then fitted using stan-
dard techniques. Two values of α (−1 and 0) are selected
for each value of γ = 1., 1.5, 2., 2.5 in the simulations. These
values span the typically observed range of α and γ. With
these synthetic GRBs, a control is established because the
true spectrum in the simulations is known. We can there-
fore establish the false-positive of detecting a blackbody in
a systematic way.
4 THE TIME-INTEGRATED SPECTRUM
While the presence of the blackbody has been measured
in the pre-Fermi era, this work will focus on the fits of
Band+blackbody made with the Fermi data. The first such
measurement was that of the GRB 100724B (Guiriec et al.
2011) and will serve as an example for our discussion. This
GRB exhibited a blackbody in both its time-resolved and
time-integrated (fluence) spectra. The measurement of the
significance came from the time-integrated spectrum. The
spectrum was fit with both Band and Band+blackbody and
the C-Stat likelihood statistic (Arnaud et al. 2011) was used
to quantify the fit. Because the models are not properly
“nested”, the difference in C-Stat (∆cstat) cannot be used to
directly ascertain the significance of adding the blackbody
component (Protassov et al. 2002). Therefore simulations
were made to obtain the distribution of the ∆cstat statistic.
Essentially, the null hypothesis (H0) is assumed to be
a single component Band function. Then several thousand
simulations of the fit of only the Band function were gener-
ated with a varying background. These simulations were fit
with both the Band and Band+blackbody models and the
distribution of ∆cstat was obtained. From this distribution, it
was determined that the ∆cstat from the actual data was at
least 5σ, meaning that there is only one chance in 3.5 million
that the blackbody component is an artifact of background
fluctuations. This does not, however; test if the blackbody
arises from spectral evolution of a single component. There-
fore, the simulated GRB pulses with spectral evolution are
tested here for the presence of an artificial blackbody.
c© 2014 RAS, MNRAS 000, 1–9
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Figure 4. The properties of the integrated fits as a function of
γ for different values of α. The blackbody characteristic energy,
kT , appears within the range typically observed in the data. The
shift in both Ep and α mimic the changes that have been used
to justify the presence of a blackbody in the data. These changes
should therefore not be used to justify the blackbody or have any
physical significance assigned to them.
Using the simulations described in Section 3, the time-
integrated spectra of the full set of parameter combinations
are fit with both the Band and Band+blackbody model (see
Figures 5 and 6). The C-stat values for the fits are recorded
and their respective ∆cstat are calculated yielding a tentative
estimate of the significance of the addition of the blackbody.
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Figure 5. The νFν contour plot of a time integrated
fit of the simulated data using the Band function and
Band+blackbody. 1σ contours are indicated by the shaded re-
gions. The Band+blackbody model is a significantly better fit
and captures the additional curvature below Ep.
Figure 6. The convolved count spectrum of the Band function
fit (top) and the Band+blackbody fit (bottom). These data are
produced via the simulation software described in Burgess (2014).
In all cases, a blackbody can be fit in addition to the Band
function (see Figure 4).
Moreover, the addition of the blackbody component is
statistically significant and modifies the Band function by
steepening α and increasing Ep in the same way that has
been observed in real data. There is a trend of increasing
kT as the speed of the Ep decay (increasing γ) increases.
This is due to the fact that higher values of Ep become
rarer in the spectrum when γ is large and therefore lower
Ep values in the spectra are confused as blackbodies in the
c© 2014 RAS, MNRAS 000, 1–9
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Figure 7. The simulated Band function is plotted from it’s ini-
tial, time-resolved shape (purple) until the end of the pulse (light
green). The sum of these spectra which would represent the inte-
grated fit is plotted in red. To demonstrate the low-energy broad-
ening effect that spectral evolution introduces, a Band function
with parameter values from the actual integrated fit is superim-
posed on the summed spectra (dashed line). It is this excess flux
at low-energy that is responsible for the falsely identified black-
body. It is also clear why including a blackbody component in the
time-integrated fit would shift Ep to higher values.
overall summed evolution (see Figure 7). Faster evolution
also increases the significance of the blackbody detection.
These findings show that using fits of the time-
integrated spectrum in order to study the emission process
must be done with great caution; the spectral evolution must
be accounted for. Moreover, regardless of attempting to de-
tect a blackbody, if the time-resolved spectra are assumed
to be Band functions, the integrated spectra can differ sig-
nificantly from a Band function leading to erroneous con-
clusions about the spectral shape. In particular, justifying
the significance of any additional component, be it a black-
body or a power law, can lead to errors which can not be
addressed via statistics. This is particularly a problem for
analyzing GRBs that have highly variable lightcurves that
cannot be analyzed with time-resolved spectroscopy.
It should be pointed out that it is indeed doubtful that
one should find a pure blackbody in the integrated spec-
tra in the first place. Due to the evolution of kT present in
the time-resolved spectra (Ryde 2004; Axelsson et al. 2012),
the integrated spectra would at best contain a multicolored
blackbody due to the summing of the evolving spectra. The
fact that a blackbody is found in the integrated spectra at all
would then suggest that the blackbody component does not
evolve in time, which is difficult to consider from a physical
standpoint because the luminosity vary strongly in a burst.
Therefore, if a blackbody component does exist, the result-
ing integrated spectrum should be better fit by a Band and
multicolored blackbody.
5 TIME-RESOLVED SPECTRA
For each simulation, the time-resolved spectra are fit with
both the Band and Band+blackbody models and the evolu-
tion of kT is computed. The fits are filtered by the improve-
ment of the more complex model over the simpler model via
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Figure 10. The inferred Γ calculated from the falsely identified
blackbody component. The overall behavior is not very different
from what is observed in the data. However, no cuts on signifi-
cance have been applied to these data points. Data points that
would have been calculated from a blackbody with negative am-
plitude have been removed.
the C-Stat statistic. Figures 8 and 9 show the evolution of
kT for various values of γ and ∆cstat. There is a clear evo-
lution in kT that is similar to the observations. This would
be troubling if the time-resolved blackbodies found in these
simulated spectra were statistically significant. However, fit-
ting the more complex model to time-resolved spectra does
not improve the fit as significantly as is observed above in
the time-integrated spectra. More importantly, many of the
blackbodies found in the fits have negative amplitudes which
is not physically expected for a photospheric component and
suggests the fitting engine is simply using the additional
component to smooth over variances in the data. We there-
fore assign this variation in kT to the fact that Ep is evolving
and the blackbody, being a narrow spectral shape, is fill-
ing out small, insignificant fluctuations in the spectral data
below Ep. However, it is not a required component in the
spectrum at this time-resolution.
Pushing a bit further, one can use the framework de-
rived in Pe’er et al. (2007) to compute physical jet param-
eters from the multi-component fits of the simulated data.
The values of rph and Γ are computed in Figures 10 and
11 with no significance cuts of the data points. The values
of both Γ and rph are similar to what is typically observed
in real data, but the trends are not. The trend in Γ does
have an overall decrease with time which is similar to what
is observed in Figure 2 but the behavior is erratic at late
times due to the value of Γ being dependent of the total
flux. Moreover, when cuts on the significance are applied to
the data as is done in Figures 8 and 9, there is no longer any
trend at all because none of the blackbodies responsible for
these calculations are significant. The trend in rph is com-
pletely dissimilar to what is typically observed. The values
are sporadic with a slight decrease at late times.
The identification of a recurring evolutionary trend for
significantly detected blackbodies in real observations there-
fore points to a physical rather than artificial presence of the
blackbody. Several authors have shown that the evolution
of the blackbody’s temperature and flux have a common
pattern across many GRBs. Theoretical predictions for the
c© 2014 RAS, MNRAS 000, 1–9
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Figure 8. The evolution of kT for α = −1. Fits with a ∆cstat > 5 are highlighted in red. The blue X’s (see Figure 9) indicate fits where
the blackbody amplitude was negative. Therefore the only data points that would survive even a modest significance cut are those that
are red without a blue X. Increasing the significance cut to reasonable values eliminates all data points.
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Figure 9. The same as Figure 8 but for α = 0.
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Figure 11. The inferred rph calculated from the falsely identified
blackbody component. The trend is very sporadic with a possible
decrease at late times. This is not what is observed in the data
as shown in Figure 3.
evolution agree in many cases with observations (Ryde 2005;
Ryde & Pe’er 2009; Axelsson et al. 2012; Iyyani et al. 2013;
Burgess et al. 2014; Preece et al. 2014). Therefore, finding
a lack of evolution of the falsely, identified blackbody in
the single-component simulations or at least one that differs
from what is observed in the real data adds support to the
existence of the blackbody in the data.
One can also examine how the inclusion of the black-
body alters the evolution of Ep. As shown in Burgess (2014),
when Bayesian blocks are used to select time intervals, the
evolution of Ep can correctly be recovered. In Figures 12 13,
the evolution of Ep from the Band and Band+blackbody fits
is compared. The evolution of Ep for the multi-component
model is altered towards the beginning of some pulses but
overall it mimics the evolutionary trend of the single compo-
nent Ep. The normalization is different because Ep is shifted
to slightly higher values when the blackbody is added. This
provides another clue to discerning real blackbodies from
those that are introduced by spectral evolution.
6 DISCUSSION
The two component thermal+non-thermal fit of the GRB
spectra has become an important focus area in the field be-
cause of its power to both constrain emission models and elu-
cidate the structure of the GRB jet. As discussed, it is well
established that the addition of the blackbody to spectral
fits is statistically significant. The attempt herein has been
to verify that the blackbody does not appear in the spectra
as an artifact of spectral evolution of single component. We
find that in the integrated fit an additional curvature ap-
pears that is not accounted for by the Band function alone
and it is possible to fit a significant blackbody that is not
really there. However, in the time-resolved spectra an extra
fit component can not be significantly identified and the re-
sults do not match what is commonly found in the actual
observations. Therefore, we conclude that the time-resolved
(intra-GRB pulse) results of a significant blackbody found
previously are likely an observation of a real additional com-
ponent.
While the spectral evolution simulated in this work does
not encompass the variety of evolutions that have been ob-
served, it does model the most commonly observed hard-to-
soft evolution. In that respect, one can invoke Occam’s razor
and point to the fact that if time-resolved analysis of a GRB
with a single component Band function reveals hard-to-soft
evolution and then a multi-component analysis reveals a sig-
nificant blackbody that evolves as the expected way then it is
likely the blackbody is not an artifact of spectral evolution.
It is entirely possible that more complex spectral evolutions
of Ep or even α from a single component can reproduce the
evolution of the blackbody observed in the data, but this
requires fine tuning.
It remains to be shown that physical simulations of a
single component such as synchrotron from internal shocks
do not falsely produce a blackbody in a multi-component
fit. We note that indeed a single component photosphere
emission can produce complex spectra which include a seed
Planckian remnant (Pe’er & Waxman 2005; Beloborodov
2010). Without a clear physical model for a single com-
ponent spectral evolution, it is difficult to test the entire
parameter space that could produce an artificial blackbody
from single component evolution. Very few GRB models are
advanced enough to produce spectrally evolving lightcurves
that could be folded through the Fermi instrument response
and then fit with the Band+blackbody model as is done in
this paper. This test would measure the ability for specific
models that do not predict a blackbody to be mistakenly
identified as a model that does include a blackbody. For now,
this study shows that the standard hard-to-soft evolution
observed in GRBs does not produce an artificial blackbody
in the time-resolved spectra.
The integrated spectra alone cannot be used to justify
the presence of a blackbody (e.g. see Guiriec et al. 2011; Ax-
elsson et al. 2012), but rather the significance of the time-
resolved data should be used, which for weak and/or rapidly
varying GRBs might be difficult or impossible. As shown
above, spectral evolution of a single component Band func-
tion can result in a very significant Band+blackbody fit.
This further reinforces the point made in Burgess (2014)
that time-resolved analysis is crucial to understand the phys-
ical properties of GRBs. The integrated properties have no
direct mapping into these physical mechanisms. The signifi-
cance of the blackbody must be evaluated in individual time
bins to insure its existence. This also highlights the impor-
tance of observed evolutionary trend in multi-component
fits. Such an observation is not as easily quantifiable as the
statistical significance of an additional component, but it is
clearly an important feature to distinguish real (Figure 1)
from artificial (Figure 8 and 9) blackbodies.
The goal of this analysis has been to establish the exis-
tence of the blackbody in light of the fact that it could arise
from spectral evolution. In the end, we have a recipe for
eliminating the falsely identified blackbodies. The following
elements should be taken into consideration:
• do not use the integrated spectra alone to establish the
significance
• the significance of the blackbody should be obtained
from the time-resolved spectra
• shifts in Ep and α do not necessarily correspond to ev-
idence of the blackbody or a physical origin such as being
more consistent with synchrotron
c© 2014 RAS, MNRAS 000, 1–9
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Figure 13. Same as Figure 12 but for α = 0.
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• the evolution of the outflow parameters should not be
erratic and follow the trends already demonstrated in past
analysis of significant blackbodies found in time-resolved
spectra.
REFERENCES
Arnaud K. A., Smith R. K., Siemiginowska A., Edgar R. J.,
Grant C. E., Kuntz K. D., Schwartz D. A., 2011, Hand-
book Of X-ray Astronomy, Vol. 12
Axelsson M. et al., 2012, ApJL, 757, L31
Band D., Matteson J., Ford L., 1993, ApJ, 413, 281
Band D. L., 1997, ApJ, 486, 928
Beloborodov A. M., 2010, Monthly Notices of the Royal
Astronomical Society, 407, 1033
Beloborodov A. M., 2011, ApJ, 737, 68
Burgess J. M., 2014, MNRAS, in press
Burgess J. M. et al., 2014, ApJ, 784, 17
Daigne F., Bosˇnjak Zˇ., Dubus G., 2011, A&A, 526, 110
Daigne F., Mochkovitch R., 2002, MNRAS, 336, 1271
Deng W., Zhang B., 2014, Astrophysical Journal, 785, 112
Fenimore E. E., Klebesadel R. W., Laros J. G., Stockdale
R. E., Kane S. R., 1982, Nature, 297, 665
Gao H., Zhang B., 2014, arXiv, 1409.3584
Ghirlanda G., Celotti A., Ghisellini G., 2003, A&A, 406,
879
Ghirlanda G., Pescalli A., Ghisellini G., 2013, Monthly No-
tices of the Royal Astronomical Society, 432, 3237
Goldstein A. et al., 2012, ApJS, 199, 19
Goodman J., 1986, ApJ, 308, L47
Guiriec S. et al., 2011, ApJL, 727, L33
Iyyani S. et al., 2013, MNRAS, 433, 2739
Kaneko Y., Preece R. D., Briggs M. S., Paciesas W. S.,
Meegan C. A., Band D. L., 2006, The Astrophysical Jour-
nal Supplement Series, 166, 298
Kargatis V., 1994, American Astronomical Society, 185,
1508
Kocevski D., Ryde F., Liang E., 2003, ApJ, 596, 389
Lundman C., Pe’er A., Ryde F., 2014, Monthly Notices of
the Royal Astronomical Society, 440, 3292
Matz S. M., Forrest D. J., Vestrand W. T., 1985, ApJ
Mazets E. P., Golenetskii S. V., Aptekar R. L., Gurian I. A.,
Ilinskii V. N., 1981, Nature, 290, 378
Meegan C. et al., 2009, The Astrophysical Journal, 702,
791
Paczynski B., 1986, ApJ, 308, L43
Pe’er A., 2008, The Astrophysical Journal, 682, 463
Pe’er A., Ryde F., 2011, ApJ, 732, 49
Pe’er A., Ryde F., Wijers R. A. M. J., Meszaros P., Rees
M. J., 2007, ApJ, 664, L1
Pe’er A., Waxman E., 2005, The Astrophysical Journal
Preece R. et al., 2014, Science, 343, 51
Preece R. D., Briggs M. S., Mallozzi R. S., Pendleton G. N.,
Paciesas W. S., Band D. L., 1998, ApJ, 506, L23
Protassov R., van Dyk D. A., Connors A., Kashyap V. L.,
Siemiginowska A., 2002, ApJ, 571, 545
Ryde F., 2004, ApJ, 614, 827
Ryde F., 2005, ApJL, 625, L95
Ryde F., Pe’er A., 2009, ApJ, 702, 1211
Zhang B., Yan H., 2011, Astrophysical Journal, 726, 90
c© 2014 RAS, MNRAS 000, 1–9
